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ABSTRACT We report here density functional theory (DFT) studies (PBE) of the
reaction intermediates and barriers involved in the oxygen reduction reaction
(ORR) on a platinum fuel cell catalyst. Solvent effects were taken into account by
applying continuum Poisson-Boltzmann theory to the bound adsorbates and to
the transition states of the various reactions on the platinum (111) surface. Our
calculations show that the solvent effects change significantly the reaction barriers
compared with those in the gas-phase environment (without solvation). The O2
dissociation barrier decreases from 0.58 to 0.27 eV, whereas the H þ O f OH
formation barrier increases from 0.73 to 1.09 eV. In the water-solvated phase, OH
formation becomes the rate-determining step for both ORR mechanisms, O2
dissociation and OOH association, proposed earlier for the gas-phase environ-
ment. Both mechanisms become significantly less favorable for the platinum
catalytic surface in water solvent, suggesting that alternative mechanisms must
be considered to describe properly the ORR on the platinum surface.
SECTION Surfaces, Interfaces, Catalysis
P olymer electrolyte membrane fuel cells (PEMFCs)have tremendous potential for addressing the world'senergy needs but are limited by the efficiency of the
cathode catalyst for the oxygen reduction reaction (ORR).1-4
Currently, the best catalyst is platinum, but it is too expensive
and not sufficiently efficient. Many efforts are underway to
find replacements or improvements by using different sup-
ports, platinum alloys, or nonplatinum catalysts.5-9 Despite
these efforts, there remain uncertainties concerning the
fundamental reaction mechanism underlying ORR.
Numerous experimental and theoretical studies have been
carried out to study the kinetics of ORR mechanisms.10-17
Most published theoretical studies simplify the ORR as a
reaction in a gas-phase environment, leading to good agree-
mentwith thehigh-vacuumsurface experiments onhydrogen
oxidation reactions. However, fuel cell operation involves
also a solvent environment, and there is not yet a validated
efficient method to estimate the contributions of water
solvent to the key steps in the reaction mechanisms.
One approach to estimating the solvent effect is to
add explicit water molecules (∼4 per unit cell)11,18 or even
an entirewater bilayer.16,17,19 These explicit solventmodel
approaches lead to plausible results, but the optimum
structure for a few waters or a bilayer may not resemble
that of the fully solvated system,20 leading to questions
in how to describe the relaxation around the adsorbed
species. Moreover, this leads to the possible direct partici-
pation of water in the reactions.21,22 In addition, the
periodicity in the solvent structure imposed by the periodic
boundary conditions may introduce artificial ordering.
Also, without well-justified initial and final configurations,
it is difficult to identify the correct solvent structures for
transition states to obtain the barriers that determine the
reaction rates.
We propose an alternative approach of using the fast but
accurate Poisson-Boltzmann implicit continuum model to
estimate solvent effects.23-25 This approachhas been applied
widely in cluster studies, where it has led to quite accurate
results for many systems.26-28 The contributions of solvent
and ions are considered through their electrostatic interac-
tions with the solutes. The use of a continuum solvent
environment leads to a consistent model for estimating the
contribution of the solvent all along the reaction surface.
Details of our approach are given below.
We studied systematically the adsorption preference of six
adsorbed intermediates, H (atomic hydrogen), O (atomic
oxygen), O2 (molecular oxygen), OH, OOH, and H2O on the
Pt(111) surface (Table 1), by density function theory (DFT).
All adsorbates prefer one of four binding sites available on
the (111) surface (Figure 1), which are denoted as μ1 (top), μ2
(bridge), μ3-fcc (fcc hollow), and μ3-hcp (hcp hollow), accord-
ing to the number of surface atoms to which the adsorbate
binds.
Without solvation, we find that atomic oxygen (O) prefers
theμ3-fcc site,with abinding energyofBE=3.68 eV, followed
by the μ3-hcp site with BE = 3.30 eV. This agrees with the
experimental adsorption energy of 3.68 eV at the μ3-fcc
adsorption site.29 Previous theoretical studies on three-layer
slabs using the generalized gradient approximation (GGA) of
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Perdew and Wang (PW91) DFT led to BE = 4.03 eV for the
μ3-fcc site.
10 B3LYPDFTcalculations on a 35 atomPt cluster14
(Pt35) led to BE = 3.37 eV for fcc and 3.03 eV for hcp sites.
Without solvation,we find thatO2prefers theμ3-fcc sitewith
BE=0.48 eVandROO=1.41 Å, followed by the μ2-bridge site
with BE=0.41 eVandROO=1.34Å. This agreeswellwith low-
temperature adsorption experiments30 that find that O2 can
absorb into both a peroxide-like (O2
2-) with a vibrational
frequency of 690 cm-1 and a weaker bound superoxo-like
(O2
-) with a vibrational frequency of 870 cm-1. Our bond
lengths agree with experimental estimates of 1.43 Å for
peroxo-like and 1.37 Å for superoxo-like species.31 Our calcu-
lated BE is consistent with the experimental estimate of
0.38 eV for the superoxo-like configuration.32 Earlier theore-
tical studies12,33 led to 0.65-0.72 eV for peroxo-like and
0.53-0.68 eV for superoxo-like. This difference is mainly
due to the smaller number of layers included in these earlier
studies. Thus, we find that using only three-layer slabs, as in
the previous studies, leads to 0.62 and 0.75 eV, respectively.
B3LYP DFT calculations on a 35 atom Pt cluster14 found
the bridge site to be preferred with BE = 0.49 eV, while
calculations on a 5 atom cluster34 led to BE= 0.53 eV for the
bridge site.
We find that OH prefers the μ2 (bridge) site with BE =
2.26 eV, while the μ1 site is close with BE = 2.24 eV. This
agrees with the calculations on a three-layer slab using GGA
PW91 DFT by Hu,35 who found BE = 2.22 eV for the μ2
(bridge) site and 2.27 eV for the μ1 site. B3LYPcalculations for
the Pt35 cluster
14 obtained BE = 2.06 eV. It is important to
note that this OH structure would not be stable for a mono-
layer, which would reconstruct into an overlayer having a
network of hydrogen bonds.35 Here, we use this structure just
to estimate the solvation energy (without considering stabili-
zation from adjacent OH).
We find that OOH is stable only on the μ1 (top) site, leading
to an optimum configuration in which the O-O bond is
parallel to the surface pointing toward an adjacent Pt atom,
leading to BE=1.06eV. An alternative configuration forOOH
has the O-Obond pointing toward an adjacent fcc site with a
BE of 0.96 eV. This implies 0.08 eV agostic stabilization from
the adjacent surface atom. Similar results were obtained for
the Pt35 cluster
14 with BE = 1.03 eV.
We find that H2O is stable only on the atop site, with a
binding energy of 0.22 eV without solvent. This agrees with
0.29 eV for the atop site in three-layer calculations using PBE
studies.36 Calculations for the Pt35 cluster led to a much
stronger BE = 0.61 eV. Direct comparison with experiment
is difficult since H2O tends to form a bilayer.
19,36
Our PBE calculations find that the μ1 (BE = 2.79 eV) and
μ3-fcc (BE = 2.73 eV) sites are most stable for atomic
hydrogen (Table 1). This result agrees with the high-resolution
Table 1. Binding Energieswithout Solvent (Ebind), Slab Charge (Qslab), Solvation Energy (Esolv), and Binding Energywith Solvation (Ebind
solv ) for
All Intermediatesa
adsorbate binding sites Ebind (eV) Qslab(eV) Esolv(eV) Ebind
solv (eV) Eexplicit
solv (eV)
H μ1 -2.79 -0.11 -0.07 -2.86 -0.04-0.1720
μ2 -2.70 -0.21 -0.12 -2.82
μ3-fcc -2.73 -0.23 -0.12 -2.85
μ3-hcp -2.70 -0.22 -0.12 -2.82
O μ1 -2.30 0.55 -0.75 -3.05
μ2 -3.11 0.61 -0.63 -3.74
μ3-fcc -3.68 0.70 -0.70 -4.38
μ3-hcp -3.30 0.66 -0.63 -3.93
OH μ1 -2.24 0.33 -0.54 -2.78 -0.5947,48,50
μ2 -2.26 0.25 -0.38 -2.64
μ3-fcc -1.67 0.34 -0.32 -1.99
μ3-hcp -1.55 0.34 -0.34 -1.89
O2 bridge -0.41 0.40 -0.32 -0.73
fcc -0.48 0.51 -0.41 -0.89
hcp -0.36 0.47 -0.36 -0.72
OOHb μ1-bridge -1.06 0.26 -0.47 -1.53
μ1-fcc -0.96 0.27 -0.47 -1.43
H2O μ1 -0.22 -0.10 -0.36 -0.58 -0.6249
a Ebind is calculated as Eslab-adsorbate - Eslab - Eadsorbate. Qslab (e) is the net charge of the slab. Esolv (eV) is the solvation energy calculated using the
continuummodel. Ebind
solv (eV) is the sum of Ebind and Ebind
solv (eV). bBoth OOH configurations are atop sites. The only difference is the orientation of OOH.
Figure 1. Important binding sites on the closest-packed Pt(111)
surface.
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electron energy loss spectroscopy (HREELS) experiment,37
which found H in the three-fold-coordinated site, and with
vibrational neutron spectroscopy studies,38 where hydrogen
was observed in the on-top site. Our calculations for the six-
layer slab find that atomic hydrogen slightly prefers the on-top
site over the three-fold-coordinated site by 0.06 eV (0.02 eV
after zero-point energy correction). This is consistent with the
small experimental hydrogen diffusion barrier of∼0.07 eV.39
For such small differences, onemust consider the biases in the
particular form of DFT; indeed, Olsen et al.40 showed that
various exchange-correlation functional can change binding
energies by up to 0.1 eV, setting a boundon the accuracy to be
expected from such studies.
Two reaction pathways were proposed previously14 for the
ORR on the Pt(111) metal surface in the gas-phase environ-






















where all reactants are surface adsorbates describing the
hydrogen oxidation reaction after dissociative adsorption of
H2. Both of these mechanisms are supported by subsequent
calculations.11,41
We computed transition states and barriers using nudged
elastic band theory (NEB)42,43 for all five reaction steps (i-v)
involved in pathways 1 and 2. The results are shown inTable 2
and Figures 2 and 3.
The three barriers in the O2 dissociation mechanism
(pathway 1) in the gas-phase environment were calculated
to be 0.58 eV for O2 dissociation, 0.73 eV for OH formation,
and0.21 eV forH2O formation (using six-layer slabs). This can
be compared with 0.52, 0.91, and 0.14 eV in DFT studies by
Li et al.12 using four layers andwith 0.94 and 0.21 eVobtained
by Hu10 for OH and H2O formation using three-layer slabs. To
validate that these differences are due to slab thickness effect,
we carried out similar calculations with just a three-layer slab,
leading to 0.52, 0.83, and 0.25 eV, which agrees well with
previous results. For the Pt35 cluster,
14 the barriers were 0.63,
1.13, and 0.09 eV.
For the OOH association mechanism (pathway 2), we
found the barriers of 0.31 eV for OOH formation, 0.17 eV
for OOH dissociation, 0.73 eV for OH formation, and 0.21 eV
for H2O formation, all with six-layer slabs. Using only three
layers, we found theOOH to be0.37 eV,which agreeswith the
0.42eV calculatedby Li12 for three layers. Again,we foundOH
formation to be the rate-determining step (RDS) in the OOH
association mechanism.
Summarizing, our calculations predict that the ORR on the
Pt(111) surface in the gas-phase environmentwould have a total
energy barrier of 0.73 eV, with theOH formation as the RDS for
both the O2 dissociation and OOH association mechanisms.
The solvent effects on all adsorbed species, ORR inter-
mediates, and transition states were evaluated using the
adaptive Poisson-Boltzmann solver (APBS) method44-46 at
single points using the structures optimized in the gas phase.
Energies and potential energy surfaces including the solvent
effects as described in eq 3 are shown in Tables 1 and 2 and
Figures 2 and 3.
Table 1 shows that the solvation energy for adsorbed OH
(top) is 0.54 eV, which agrees with the first-layer solvation
energy of 0.54 eV estimated for an adsorbed OH/H2O over-
layer.47 This becomes an overall solvation of 0.59 eV after
including the second-layer solvation energy of 0.05 eV due to
wetting of the OH/H2O overlayer.
48
We find that solvation stabilizes the water molecule by
0.36 eV, giving a total binding energy of 0.58 eV. This agrees
with 0.62 eV from extensive calculations of water adsorption
by Meng et al.49 using up to six bilayers of explicit water.
The solvation energy for adsorbed hydrogen is only 0.07
(μ1) or 0.12 (μ3) eV for six layers, reflecting the similar
Table 2. Reaction Barriers without Solvent (Ea) and in the Water-
SolvatedPhase (Ea
solv) for Five Steps Involved in theO2Dissociation
and OOH Association Pathways
barriers reaction steps Ea (eV) Ea
solv (eV)
barriers for steps O2 dissociation 0.58 0.27
OH formation 0.73 1.09
H2O formation 0.21 0.33
OOH formation 0.31 0.28
OOH dissociation 0.17 0.00
barriers for the overall
reaction
O2 dissociation 0.73 1.09
OOH dissociation 0.73 1.09
Figure 2. Potential energy surface of the O2 dissociationmechan-
ism without and with water solvent.
Figure 3. Potential energy surface of the OOH association
mechanism without and with water solvent.
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electronegativity of H and Pt. This agrees with the range of
0.04-0.17 eV from studies of surface hydrogen using an
explicit solvation method.20
We find that the solvent strongly stabilizes adsorbed
oxygenby0.63-0.75eV,whereas adsorbedO2 (fcc) is stabilized
by 0.41 eV and OOH is stabilized by 0.47 eV. Our calculated
solvation of adsorbed O does not agree with the estimate
of -0.03 eV by Norskov50 using the water bilayer, who
assumed that the O would not change the structure of the
water bilayer (no details were provided).
Summarizing, we find that solvent effects significantly
modify the reaction energies and ORR barriers for both
mechanisms.
For the direct O2 dissociation mechanism, the barriers
for the three steps, O2 dissociation, OH formation, and H2O
formation, are estimated to change by -0.31, 0.36, and
0.12 eV, respectively, in the presence of water.
For the OOH association mechanism, solvation changes
the barriers for the four steps, OOH formation, OOH dissocia-
tion, OH formation, and H2O formation, by -0.03, -0.17,
0.36, and 0.12 eV, respectively.
With solvation, theRDS for bothmechanismsbecomes the
OH formation step, with a barrier of 1.09 eV inwater solvent.
Such a high barrier would seem to provide rates at the
operating temperature of a PEMFC (below 90 C) that are
too low. This makes it questionable whether either of the two
reaction mechanisms considered above can be responsible
for the rates in water solvent. Thus, one of the following will
occur.
• The chemistry must occur through surface structures
different than (111) on Pt (perhaps steps)
• The OH formation and H2O formation steps in ORR
must be assumed to occurmainly through a hydronium-
induced mechanism.16,17 As discussed above, we as-
sume that the hydrogen involved in various reaction
steps is already on the surface. This assumption is based
on the observation that hydrogen is easily adsorbed on
the surface with a small energy barrier of 0.15 eV in the
presence of the water bilayer.51 In PEMFCs, H3O
þ
stabilized by the sulfonates of the Nafion could serve
as a source of hydrogen11 for formation of OH from Oad
(and possibly for forming OOH and H2O), but consid-
eration of H3O
þ is beyond the scope of this publication.
• Some other mechanism might exist for the ORR on the
platinum surface.
Our slab calculations of the ORR on the Pt(111) surface
were performed with the SEQQUEST DFT code52 using the
Perdew-Becke-Ernzerhof (PBE)53 exchange-correlation
functional of the generalized gradient approximation
(GGA).54,55 SEQQUEST uses local Gaussian-type basis func-
tions (double-ζ plus polarization quality, optimized for bulk
systems) rather than periodic planewaves. In SEQQUEST, the
Kohn-Sham equations56 are solved self-consistently using
two-dimensional periodic conditions. The 62 core electrons
(Kr[5s24d104f14]) of platinum are replaced with an angular
momentum projected57,58 norm-conserving59,60 effective
core potential (ECP) so that only 16 electrons are considered
explicitly. The real space grid density is 7 points/Å.
The active Pt(111) surface was modeled using a metal slab
that is infinitely periodic along two dimensions but finite
along the third one. We used a 2 2 hexagonal unit cell with
four metal atoms per layer and six layers in total to model the
catalyst. All calculations were performed with the optimized
cell parameterof 3.98Å found in thebulk calculationusing the
PBE DFT. We allowed the atoms in the top two layers to relax
to their lowest-energy configuration while fixing the atoms of
the bottom four layers to their bulk positions. All binding
configurations and transition states were determined using
PBE DFTcalculations without solvation. Then, we carried out
single-point calculations to include the solvent effect. The total
energywas representedas the sumofgas-phaseand solvation
energies
Etotal ¼ EgasþEsolv ð3Þ
Weevaluated the solvent effect using the Poisson-Boltzmann
implicit solvent method as implemented in the APBS,44-46
which is incorporated in the Computational Materials Design
Facility61 (CMDF) developed in the Materials and Process
Simulation Center (MSC) at Caltech. Here, the boundary of
the continuum is taken as the solvent-accessible surface for a
solvent with a spherical radius of 1.4 Å and a dielectric
constant of 78. Structures and charges were taken from PBE
for all intermediates and transition states. To test whether
more than 6 layers might be needed, we carried out calcula-
tions for 3-10 layers and found negligible energy changes
(∼0.02 eV) between 6 and 10 layers.
However, we were concerned that calculations of the
solvent effectmight require larger slabs since the electrostatic
interaction between the solvent and solute may converge
slowly. Thus, we used an alternative approach to evaluate
the solvent effect. Here, instead of solving the Poisson-
Boltzmann equation for a periodic system, we cut a super
cell out of the infinite pure platinum slab. The center cell was
substituted by the adsorbing system of interest, while all
remaining cells were similar to those in the original platinum
slab. Thus, a center cell with adsorbate was surrounded by
bare and hence neutral ones. To avoid solvent stabilization
due to interaction between the solvent and the back side of
the slab (the bulk side), we added three additional layers of
neutral platinumatoms to the bulk side. A sketch of themodel
is shown in Figure 4.
Summarizing, we report the structures, binding energies,
and reaction barriers from PBE DFT studies of the reaction
intermediates involved in ORR on platinum slabs containing
Figure 4. The super slab used to calculate the solvent effect. Only
the center cell has adsorbate attached. All cells surrounding the
center cell contain neutral platinum atoms. Three additional
layers of platinum are added to the bulk side to eliminate extra-
neous solvent effects.
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six layers of Pt. These calculations use the Poisson-
Boltzmann method to include the effects of solvation. We
considered two previously proposed mechanisms (O2 disso-
ciation and OOH association) and found that the energetics
of the ORR on the Pt surface changed significantly in the
presence ofwater solvent. In particular, theOH formationwas
found to be the RDS for both mechanisms, leading to an
overall energy barrier increase to 1.09 eV in the solvent,
compared to 0.73 eV without solvation. With such a high
barrier in the solvent, these two gas-phase ORRmechanisms
became unfavorable and we conclude that the chemistry
must occur through surface structures different than (111)
(e.g., steps) or the ORR must be assumed to involve a
hydronium-inducedmechanism or anothermechanismmust
exist for the ORR on the platinum surface.
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